ABSTRACT: Annual changes in testicular development and serum levels of androgen and progestins were investigated using captive male spotted halibut Verasper variegatus in order to obtain basic information on the reproductive physiology of this species. Based on the histological observation of testes, male maturity was divided into the following five stages: spermatogonial proliferation stage (July to September), early spermatogenic stage (October), late spermatogenic stage (November to December), functional maturation stage (January to March) and recovery stage (May). Spermatogenesis rapidly progresses during the autumn from October and December and continues until the functional maturation stage (spawning period of female). Serum levels of 11-ketotestosterone gradually increased from August and rapidly increased to a peak (2.8 ± 0.5 ng/mL) in November, suggesting that this steroid is involved in spermatogenesis in this species. Serum 17,20b-dihydroxy-4-pregnen-3-one levels showed a single small peak (0.55 ± 0.05 ng/mL) in November, suggesting the possibility of the involvement of this steroid hormone in the late spermatogenic period. 
INTRODUCTION
Spotted halibut Verasper variegatus is a teleost that belongs to the Pleuronectidae family and inhabits the bottom of coastal seawaters in north-east and south Honshu in Japan. This species is caught by commercial fishing using bottom gill nets, bottom trawl nets and bottom long lines. The high commercial value of this species (e.g. good taste and large size (fish grow to approximately 60 cm in total length)) has accelerated the decrease of stocks. Because of its high growth rate and commercial value, spotted halibut is considered to be a candidate for farming fisheries. 1 However, the methods of artificial fry production have not been established in this species. 2 In Japan, the Japan Sea-Farming Association has collected and kept adult fish, developed rearing techniques, and attempted artificial production of fry since 1987. The purpose of the present study was to establish basic information on the reproductive physiology of the spotted halibut for the establishment of reliable methods of fry production of this species. Annual changes in testicular development including some reproductive parameters (i.e. serum levels of androgen and progestin) were investigated using captive male fish. The results obtained are discussed in comparison with other pleuronectid fishes.
MATERIALS AND METHODS

Fish and samples
The spotted halibut used in the present study were 5-year-old male fish (31.2-42.1 cm in standard length), produced artificially and reared in a 20 ton aquarium in Japan Sea-Farming Association, Miyako station, Iwate, Japan. Five males were collected every month from December 1996 to November 1997. The fish were immersed in icecold seawater instead of anesthesia, and standard length and body weight were measured. The fish were then bled from the caudal vessel with nonheparinized syringes. Serum was separated by centrifugation at 3000 ¥g for 15 min at room temperature and stored at -80∞C until use. Milt was obtained by pushing on the abdomen, and quantified by volume (mL). In nine of the 12 months, the fish were killed and their testes were dissected and weighed. Gonadosomatic index (GSI) was calculated as follows: GSI = GW ¥ 100/BW, where GW and BW are gonad weight (g) and body weight (g), respectively.
Histology
Testes were fixed in Bouin's solution, embedded in paraffin, sectioned at 6 mm, and stained with Delafield's hematoxylin and eosin. The microscopic images randomly chosen from three fields within each cross-section of the testis were captured by video. A sheet of tracing paper was attached to the monitor for each image; the areas occupied by the different spermatogenic cells (e.g. spermatogonia, spermatocytes, spermatids and spermatozoa) were traced, cut and weighed. The weight of the cut-out sheets was regarded as the area occupied by each spermatogenic cell. The percentage of each cell type was expressed as the ratio of the area occupied by a particular spermatogenic cell to the total area of all spermatogenic cells.
Enzyme immunoassay for steroid hormones
11-Ketotestosterone (11-KT), 17,20b-dihydroxy-4-pregnen-3-one (17,20b-DP) and 17,20b,21-trihydroxy-4-pregnen-3-one (20b-S) levels in serum were measured by specific enzyme-linked immunosorbent assays (ELISA) according to the method of Asahina et al. 3 The values under the detection limit (11-KT, 50 pg/mL; 17,20b-DP, 50 pg/mL; 20b-S, 50 pg/mL) were each considered as limit values for statistical analysis.
Statistics
All data are presented as mean ± SEM. The data were analyzed by one-way ANOVA followed by Fisher's protected least significant difference test (Fisher's PLSD test) using the STATVIEW 4.5 program for Macintosh (Abacus Concepts, Inc. Berkeley, CA, USA) (P < 0.05).
RESULTS
Annual changes in water temperature, photoperiod and gonadosomatic index
Seasonal changes in water temperature and day length at Miyako during the study period are shown in Fig. 1a . The water temperature was highest (21.2∞C) in mid-September and lowest (6.2∞C) in early March. Day length was longest (15.0 h) at summer solstice and shortest (9.3 h) at winter solstice.
Seasonal changes in GSI are shown in Fig. 1b . The GSI value was maintained at a high level (ª 2.0%) from December to February Afterwards, the GSI gradually decreased and reached a basal level (ª 0.4%) in July A slight increase in GSI was observed in October, which was followed by a sudden increase to 2.0% in November.
Annual changes in testicular spermatogenic cells and milt volume
In the present study, the morphology of spermatogenic cells was divided into four stages (e.g. spermatogonia, spermatocytes, spermatids and spermatozoa). The spermatogonia were usually large and round with a large nucleus. The cell and nucleus diameter ranged between 12-15 mm and 7-10 mm, respectively. The nucleus usually contained a prominent nucleolus. The spermatocytes were of various sizes at their meiotic stage. The first spermatocytes were larger, approximately 7 mm in diameter, and contained a round-shaped nucleus. The nucleus, which was 5 mm in diameter, contained darkly stained chromatin. The second spermatocyctes were smaller in size, approximately 5 mm in diameter, and had a small nucleus in which chromatin was more condensed and more darkly stained than in the nuclei of the first spermatocytes. The spermatids were small in size, approximately 2 mm in diameter, and their cytoplasm was indistinct. The chromatin of the nucleus was more condensed. The spermatozoa had a round head that was darkly stained with hematoxylin, and the tail was indistinct by light microscopy.
The relative abundance of spermatogenic cells in the testis is shown in Fig. 2 . The percentage count of spermatogonia increased beginning in May to a peak in September (100%). In October, spermatogonia developed into spermatocytes (96%). In November, the percentage count of spermatocytes decreased to 50%, and spermatids and spermatozoa appeared. The proportional ratios of spermatozoa were high from December (57%) to March (93%), then decreased from May to July coincident with an increase in the percentage of spermatogonia.
Milt could be stripped out of males from December to March (Table 1 ). The mean volume obtained from a single stripping increased throughout this period.
Annual changes in testicular maturity
Annual testicular maturity can be divided into the following five stages based on the spermatogenic activity.
Spermatogonial proliferation stage (Fig. 3a) : Spermatogonia were observed to occupy more than 50% of testicular sections. Residual spermatozoa were present in some cases.
Early spermatogenic stage (Fig. 3b) : Cysts of spermatocytes rapidly increased and accounted for the majority of testicular cysts except for some spermatogonial cysts.
Late spermatogenic stage (Fig. 3c) : The percentage of spermatocytes decreased but still occupied more than 20% of the area in testicular sections. Spermatids and spermatozoa subsequently appeared.
Functional maturation stage (Fig. 3d) : The percentage of spermatocytes decreased to less than 20%. The percentage of spermatozoa accounted for more than 70% of the total area in testicular sections. Milt could be stripped by pressing the abdomen.
Recovery stage (Fig. 3e ): There was a comparatively high percentage of spermatozoa in the testis, but not spermatocytes and spermatids. Spermatogonia were observed in less than 50% of the total area.
Annual changes in the composition of the various stages of maturity are shown in Table 2 . In December, testicular conditions in four of five individuals were that of late spermatogenic stage, while one male was in the functional maturation stage. From January to March, most males were in the functional maturation stage indicating the spawning season. In May, four of five were in the recovery stage, demonstrating the termination of spawning. From July to September, all fish were in the spermatogonial proliferation stage. Fish entered the early spermatogenic stage in October and advanced to the late spermatogenic stage in November. 
Annual changes in serum steroid hormone levels
Serum 11-KT levels ( Fig. 4a) gradually decreased from December (1.3 ± 0.4 ng/mL) to a basal level (under the detection limit) in March. The levels remained low from March to July, gradually increased in August, then rapidly increased to a peak level (2.8 ± 0.5 ng/mL) in November. Serum 17,20b-DP (Fig. 4b) remained at low levels (< 0.2 ng/mL) from December to October and slightly increased to a small peak (0.55 ± 0.05 ng/mL) in November The 20b-S was not detected (< 50 pg/mL) in the serum of any male fish throughout the year. 
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DISCUSSION
It is well known that the annual reproductive cycle of temperate teleosts is controlled by external environments, such as temperature and photoperiod. 4 In the male spotted halibut Verasper variegatus spermatogonial proliferation proceeded during the summer, which is characterized by a long-day photoperiod and increasing water temperature. Spermatogenesis progressed during autumn, a period of shortening photoperiod and declining temperature. Similar relationships between testicular development and external environments are also observed in other pleuronectids, black plaice Pleuronectes obscura 5 and winter flounder Pleuronectes americanus, 6 suggesting a pattern for pleuronectids, which spawn during winter and early spring. 4 Most studies on the seasonal changes of gametogenesis in pleuronectid fish reveal that the primary cues for gonadal recrudescence are photoperiod and nutritional status. [7] [8] [9] However, the information regarding spermatogenesis is incomplete. Further studies on the environmental control of reproduction in male pleuronectids are necessary.
The GSI of male spotted halibut remained at low levels during summer, quickly increased after September, and reached a peak level for only 2 months. During this testicular growth period, active spermatogenesis due to mitotic and meiotic proliferation from spermatogonia to spermatid occurred in the testes. From December until February, GSI gradually decreased, which is probably related to cytoplasmic reduction of germ cells during spermiogenesis. 10 After February, GSI sharply declined and milt volume increased, indicating active sperm release during the spawning period of this fish (Koya et al., unpubl. data, 1997) . The same pattern of changes in GSI was reported in other pleuronectids. [5] [6] [7] 11 In the spotted halibut, spermatocytes and spermatids were observed in the testes in February and March, indicating that spermatogenesis still continued during the spawning period. In the Japanese flounder Paralichthys olivaceus, which spawns every day during the spawning period, 12 the male continues spermatogenesis during the reproductive period, exhibiting a diurnal periodicity. 13 The spotted halibut spawns at intervals of a few days during the spawning period (Koya et al., unpubl. data, 1997) . Therefore, this fish may also have a spermatogenic periodicity during the spawning period, like the Japanese flounder. Testosterone (T) and 11-ketotestosterone (11-KT) are known as androgens regulating spermatogenesis in male teleosts. 14 11-KT is widely accepted as the major androgen in males of many teleosts. [15] [16] [17] [18] [19] [20] In the Japanese eel Anguilla japonica, in vitro experiments have shown that 11-KT induces all processes of spermatogenesis. 21 In contrast, T is suggested to be a potent androgen in the Japanese sardine Sardinopus melanostictus because of its high concentration and the absence of 11-KT in sera from males that are in active spermatogenesis. 22, 23 In studies of male pleuronectids, 11-KT and T were detected as being associated with male sexual maturation, and both of them increase during spermatogenesis and/or spermiation. 6, 11, 13, [24] [25] [26] [27] In the present study, we measured serum concentrations of 11-KT throughout a year. The serum levels of 11-KT began to elevate after August when spermatogonia proliferated and spermatocytes began meiosis, then dramatically increased from October to November, the late spermatogenic period. The levels gradually decreased after December, the post-peak period of meiosis, and were not detected in the late spawning period in March. These results suggest that 11-KT is a potent androgen and regulates onset and progression of spermatogenesis in the spotted halibut, as in other teleosts.
In male teleosts, the testes changes from synthesizing mainly C18 and C19 steroids to primarily C21 steroids at the time of spawning; 28 the C21 steroids induce spermiation and are responsible for sperm motility. 29, 30 The C21 steroids, 17,20b-dihydroxy-4-pregnen-3-one (17,20b-DP) 28 and 17,20b, 21-trihydroxy-4-pregnen-3-one (20b-S) 31 have been thought to have some fuctions as major steroids in male teleosts. In female teleosts, 17,20b-DP 32 and 20b-S 33 have also been identified and these C21 steroids induce final oocyte maturation. In the present study, serum levels of 17,20b-DP and 20b-S were measured as C21 steroids. 20b-S was not detected throughout the year; in contrast, 17,20b-DP was detected at low levels and showed a significant increase in November, the late spermatogenic period. In male pleuronectids, it is reported that serum 17,20b-DP levels were very low during the spawning period in Japanese flounder (0.1 ng/mL) 13 and in gonadotropin-releasing hormone (GnRH) analog treated yellowtail flounder Pleuronectes ferrugineus (0.4 ng/mL). 34 Recently, it has been suggested that the main C21 steroid induced by GnRH agonist treatment is sulfated 17,20b-dihydroxy steroid, and that this steroid enhances milt volume and fluidity in male Pleuronectes platessa. 35 There may be some differences in the endocrine aspects of spermiation in pleuronectids compared with other teleosts.
